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ABSTRACT
The thymus provides a specialised site for the production of T-cells capable of recognising foreign antigens in the context of self-MHC molecules. During development, the thymus arises from an epithelial rudiment containing bipotent progenitors that differentiate into distinct cortical and medullary epithelial cells to regulate the maturation and selection of self-tolerant CD4 + and CD8 + T-cells. In addition to their differentiation, thymic epithelial cells undergo cellular expansion to ensure that sufficient intrathymic cellular niches are available to support the large number of immature thymocytes required to form a self-tolerant T-cell pool. Thus, intrathymic T-cell production is intimately linked to the formation and availability of niches within thymic microenvironments. Here, we show the increase in intrathymic niches caused by proliferation of epithelium in the developing thymus is temporally regulated, and correlates with the presence of a population of fetal thymic mesenchyme defined by Platelet Derived Growth Factor Receptor-alpha (PDGFRα) expression. Depletion of PDGFRα + mesenchyme from embryonic thymuses prior to their transplantation to ectopic sites results in the formation of functional, yet hypoplastic, thymic tissue. In summary, we highlight a specialised role for PDGFRα + fetal mesenchyme in the thymus by determining availability of thymic niches through the regulation of thymic epithelial proliferation.
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INTRODUCTION
The production of a functionally competent peripheral T-cell pool with a diverse Tcell receptor (TCR) repertoire is essential in mounting an effective immune response to invading pathogens. Most, if not all, peripheral CD4 + and CD8 + T-cells bearing the αβ form of the T-cell receptor complex are generated in the thymus from migrant progenitors that arise in the fetal liver and bone marrow 1, 2 . Although recent evidence
shows that these progenitors may show some degree of commitment to the T-cell lineage prior to thymus colonisation [3] [4] [5] , entry into the thymus and contact with the specialised microenvironment provided by thymic stromal cells is required to induce further development along the T-lineage. This development involves a step-wise programme of differentiation, with early development characterised by progression through the double negative (DN) 1-4 stages that are defined by CD44 and CD25 expression [6] [7] [8] . During these early phases, DN T-cell precursors undergo commitment to the αβ or γδ lineage, and in the case of the former, signalling through the pre-TCR complex is required for maturation beyond the DN3 stage and progression to the CD4 + 8 + stage where the αβTCR is first expressed 9 . As somatic recombination of TCRα and TCRβ chain genes occurs randomly, CD4 + 8 + thymocytes are then screened on the basis of their αβTCR specificity by positive and negative events before further maturation into the CD4 + and CD8 + lineages 10 . Ultimately, these developmental processes result in the formation of self-tolerant MHC class I restricted CD8 + and MHC class II restricted CD4 + T-cells that leave the thymic medulla and contribute to the peripheral T-cell pool 11, 12 .
There is now accumulating evidence that the epithelial compartment of the thymic stroma plays a crucial role in supporting these developmental processes. This includes the expression of Notch ligands 13, 14 that interact with Notch on DN selection with the availability of cortical niches being shown to be a limiting factor in this process 22, 23 . On the other hand, medullary epithelium and dendritic cells play specialised roles in negative selection 24, 25 and may influence the development of regulatory T cells 26 . In this context, developmental abnormalities affecting different thymic epithelial cell compartments have been shown to result in T-cell disorders such as autoimmunity 27, 28 and T-cell immunodeficiency 29, 30 , emphasising the crucial role of thymic epithelial cell populations in the development of an extensive peripheral T cell repertoire that is non-reactive to self.
In this study, we have investigated the mechanisms regulating the development of thymic epithelial cells leading to the formation of functionally competent thymic microenvironments. We show that during normal development, thymus growth involves a temporally regulated phase of thymic epithelial proliferation, resulting in an increase in the number of stromal cell niches able to support thymocyte development. In addition, we have defined a population of non- 
Analysis of Thymic Epithelial Proliferation
Thymus lobes were dissected from mice of the indicated ages and disaggregated using 0.25% trypsin (Sigma, St Louis, MO). Suspensions of cells from neonatal thymuses were stained with APC conjugated anti-CD45 to aid in the identification of CD45-negative stroma. Cells were permeabilized using eBioscience Fixation and Permeabilization kit (eBioscience, San Diego, CA). FITC-conjugated anti pancytokeratin and PE-conjugated anti-Ki67 (clone B56) (BD Pharmingen, San Diego, CA) were used to detect thymic epithelial proliferation.
Immunohistochemistry
Frozen sections of thymic grafts, recovered from under the kidney capsule after three weeks, were prepared as described 32 . Freshly lobes were disaggregated by incubation in 0.25% trypsin, and then labeled with antibodies to EpCAM1, PDGFRα and CD45, as described 5 .
Preparation Of Mesenchyme-Free Thymic Epithelial Rudiments For Transplantation
To remove the surrounding perithymic mesenchyme from the inner epithelial core, E12 thymus lobes were incubated at 37°C for 20 minutes in 2.5 mg/ml collagenase D (R&D Systems, Minneapolis, MN) in Ca 2+/ Mg 2+ free PBS. Under direct visual observation using a dissecting microscope, lobes were then drawn into a fine, mouth controlled glass pipette to separate surrounding mesenchyme from the inner epithelial rudiment. To control for the possibility that removal of perithymic mesenchyme damages the inner epithelial core, stripped epithelial rudiments were reassociated overnight with E12 perithymic mesenchyme, and then grafted under the kidney capsule as described below. In some experiments, mesenchyme-stripped and intact E12 thymus lobes were transferred into fresh solutions of 0.25% trypsin in 0.02%
EDTA to produce a single cell suspension for flow cytometric analysis.
Kidney Capsule Transplantation
Whole E12 thymus lobes, or lobes with perithymic mesenchyme removed, were placed under the renal capsule of 4-6 week old syngeneic mice, as described 33 . After 3 weeks, grafts were harvested and analysed for thymocyte cellularity and T-cell development, or by immunohistochemistry, as appropriate. Semi-quantitative reverse transcriptase-PCR analysis PDGFRα + thymic mesenchyme was prepared from disaggregated E12 thymus lobes, as described above. For adult kidney capsule-derived mesenchyme, the mesenchymal capsule was carefully peeled away from excised 4-6week old adult kidneys, and small pieces were placed in 6 well tissue culture plates. After 48 hours, non-adherent cells were removed, and remaining adherent cells were cultured in DMEM containing 10%
Detection of Host-Derived Mesenchyme In Thymus Grafts
FCS. To obtain high-purity cDNA, mRNA was purified from cells using µMacs One- 
RESULTS
Temporal Regulation of Thymic Epithelial Proliferation
The early fetal thymus consists of an endodermally-derived epithelial outbudding of the third pharyngeal pouch that is encapsulated by condensing neural crest derived mesenchyme 5, 35 . At around E12 of gestation, when the thymic rudiment is undergoing the first wave of progenitor colonisation, cortical and medullary microenvironments distinctive of the postnatal thymus are yet to form 5, 35, 36 .
Epithelial cells within this early rudiment are still immature and include bipotent progenitors for cortical and medullary epithelial subsets 31 . To investigate the events leading to the formation of the definitive thymic epithelial microenvironment, we first examined the proliferative status of cells within the epithelial component of the 
non-haemopoietic non-epithelial component of the thymus (Figure 1B) , which correlated closely with the reduction in thymic epithelial proliferation described above. While the above data show that PDGFRα can be used as a useful marker to identify mesenchymal cells, whether or not PDGFRα expression is functionally significant is not clear, although it is interesting to note that patched mice, that carry a natural mutation in pdgfra, have a smaller thymus compared to littermate controls 40 .
Whatever the case, the relationship described here between the presence of PDGFRα + mesenchyme and thymic epithelial proliferation is strongly suggestive of a role for these cells in the development of thymic epithelial microenvironments to provide increased numbers of niches for developing thymocytes.
PDGFRα + Thymic Mesenchyme Regulates Growth But Not Differentiation Of Thymic Epithelial Microenvironments
To test the hypothesis that PDGFRα + fetal thymus mesenchyme plays a specific role in regulating thymic epithelial cell development in vivo, we prepared mesenchymefree thymus rudiments by removing the surrounding perithymic mesenchyme from isolated E12 thymus lobes. Thus, E12 thymus lobes were treated briefly with collagenase to loosen the surrounding mesenchyme, which was then completely removed by drawing the lobes up into a mouth-controlled fine capillary pipette ( Figure 3A) . Such an approach results in separation of surrounding mesenchyme, leaving an intact core of thymic epithelium ( Figure 3B ). Importantly, when epithelial cores prepared in this way were further disaggregated to form a single cell suspension, in contrast to whole thymus preparations ( Figure 3C ), they were found to be devoid of PDGFRα + mesenchyme ( Figure 3D ), indicating the efficiency of the separation to isolate mesenchyme-free thymic epithelial rudiments. Figure 4B-E) . Thus, the ability to form organised cortical and medullary microenvironments that support the development of T-cell precursors indicates that the presence of fetal PDGFRα + mesenchyme cells are not required for differentiation of immature thymic epithelial cells. Critically however, mesenchymedepleted thymic epithelial rudiments were hypoplastic with a marked absence of growth as compared to lobes containing fetal mesenchyme ( Figure 5A , B), with hypoplasia being associated with a profound reduction in total thymocyte numbers ( Figure 5C ). The observed lack of growth of mesenchyme-stripped thymic rudiments was not due to technical issues caused by the enzymatic separation procedure, as stripped lobes reassociated with fetal mesenchyme grew effectively in vivo and upon harvesting were found to have a thymocytes cellularity comparable to that of unmanipulated grafts ( Figure 5C ). Furthermore, this lack of thymus growth was not due to a lack of mesenchyme per se within the grafted tissue, as immunohistochemical analysis using the pan-fibroblast marker ERTR7 showed that and FGF10 mRNAs were detectable in kidney capsule mesenchyme, but not E12 PDGFRα + thymic mesenchyme (Figure 7) , suggesting that the lack of growth of E12 thymic epithelium is not due to the lack of availability of FGF7 and FGF10. Such an observation is significant as we have shown previously that mesenchyme cells present in the E14 thymus provide FGFs that regulate epithelial cell proliferation at this later stage. The lack of detectable expression of FGF7 and FGF10 by E12 mesenchyme suggests that a different mechanism regulates the proliferation of bipotent epithelial progenitors present in the E12 thymus 31 . Indeed, when we next analysed expression of To separate the mesenchymal and epithelial components of the E12 thymus, lobes were incubated briefly in collagenase and then drawn up into mouth controlled glass 
